termination of the light response is relatively slow in However, the basis for the requirement for PIs for lightanimals that are initially dark-adapted. Prior exposure dependent shuttling was unclear. Here, we demonto background illumination accelerates the rate of restrated that the dynamic trafficking of Arr2 into the sponse termination. However, mutations that decrease phototransducing compartment, the rhabdomere, rethe rate of translocation of the Drosophila visual arrestin quired the eye-enriched myosin III, NINAC. We showed from the cell body to the rhabdomere cause correspondthat defects in ninaC resulted in a long-term adaptaing defects in this mode of adaptation ( scribed. In this study, we found that p132 was the priconcentrated in the phototransducing compartments mary isoform necessary for light-dependent trafficking only in dark-adapted animals. Upon exposure to light of Arr2 into the rhabdomeres. Moreover, flies that do not stimulation, these proteins shuttle into the cell bodies express p132 display a defect in long-term adaptation, or inner segments over the course of several minutes. consistent with its role in Arr2 shuttling. We showed that
its spatial distribution in wild-type and null ninaC mutant flies (ninaC

P235
) at several time points after light stimulation. In dark-adapted wild-type and ninaC P235 flies, Arr2 was dispersed throughout the photoreceptor cells ( Figures  1A and 1D) , with a greater overall proportion of the Arr2 pool in the cell bodies than in the rhabdomeres ( Figure  1M ). After a 5 min exposure of wild-type flies to blue light, which stably converts rhodopsin to light-activated metarhodopsin, Arr2 was concentrated in the rhabdomeres ( Figures 1B and 1N ). However, in ninaC P235 flies, Arr2 was not concentrated in the rhabdomeres ( Figures  1E and 1N ), even after stimulating the flies for 1 hr with light ( Figures 1F and 1O) . Elimination of NINAC did not have a global effect on rhabdomeral localization, as the spatial distributions of other rhabdomere-enriched proteins were similar in wild-type and ninaC P235 photoreceptor cells (see Supplemental Figure S1 at http://www. neuron.org/cgi/content/full/43/1/95/DC1). An exception is calmodulin; NINAC is the major retinal calmodulin binding target, and elimination of NINAC results in instability of calmodulin in both the cell body and rhabdomeral compartments (Porter et al., 1993 (Porter et al., , 1995 . In contrast to calmodulin, the overall concentration of Arr2 was unaffected in ninaC P235 photoreceptor cells (see below; Figure 3 ).
Requirements for p174 and p132 for Arr2 Movement
To address the requirements for the individual NINAC isoforms for light-dependent shuttling of Arr2 into the rhabdomeres, we performed immunostaining on photoreceptor cells obtained from flies that expressed only p174 (ninaC Arr2 from the rhabdomeres to the cell bodies (Supplemental Figure S4 at http://www.neuron.org/cgi/content/ full/43/1/95/DC1). shuttling of Arr2 into the rhabdomeres requires an assoThe Arr2 movement could be due to a requirement ciation with the NINAC myosin III that is mediated for either the protein kinase or myosin domain. However, through PIs.
we could not test whether mutations in the myosin domain disrupt Arr2 translocation since deletion of this domain or point mutations in conserved residues, which Results are critical for the activity of other myosins, cause instability of the NINAC proteins (Porter and Montell, 1993) . Arr2 Translocation Is Dependent on NINAC To address whether NINAC is required for light-dependent Therefore, to determine whether the protein kinase domain was required, we changed the corresponding lytrafficking of the major visual arrestin, Arr2, we examined sine in NINAC (residue 45), which is required for ATP binding in other kinases (Kamps and Sefton, 1986), to an arginine. We found that both NINAC isoforms were expressed at the same levels in the transgenic flies, ninaC
K45R
, as in wild-type (Supplemental Figure S3A ). In addition, on the basis of ERGs, there was no apparent defect in activation or termination of the photoresponse (Supplemental Figures S3B-S3E) . Of importance here, light-dependent translocation of Arr2 and long-term adaptation were indistinguishable between ninaC K45R and wild-type flies (Supplemental Figures S3F-S3L ). These data indicate that the protein kinase domain is dispensable for trafficking of Arr2. Figure 5B) . Consistent with the reciprocal pull-down NINAC also binds PIs. Therefore, we performed binding assays using NINAC bound to beads (Figure 4A ), the assays using PIP 2 and PIP 3 beads. We found that both interaction between GST-Arr2C-wt and NINAC was dispartially purified isoforms of NINAC ( Figure 5A ) bound rupted by addition of 0.1% TritonX-100 to the buffer to PIP 2 and PIP 3 beads but not to control beads ( Figure  (Figure 5B ). The combination of the above data sug-7A). RDGC, which is another retinal protein, did not bind gested that PIs mediated the association between Arr2 and NINAC.
to PIP 2 or PIP 3 beads ( Figure 7A ). Since NINAC associ- be a plus-ended myosin, which could potentially shuttle cargo from the cell bodies into the rhabdomeres. However, we were not able to demonstrate that the NINAC motor activity per se was required for movement of Arr2, as point mutations in conserved residues required for motor activity of other myosins, such as those in the actin and ATP binding sites, cause instability of NINAC in vivo (unpublished data; Porter and Montell, 1993).
Function of PIs in the Light-Dependent Translocation of Arr2
We recently reported that translocation of Arr2 requires direct interaction with PIs (Lee et al., 2003) ; however, the basis of this requirement was not clear. In the current work, we showed that the association of Arr2 and NINAC is dependent on PIs and that NINAC binds PIs. In support of this conclusion, we found that the Arr2/NINAC interaction was disrupted by detergent and further augmented by the addition of exogenous PIs. Furthermore, NINAC We propose that p132 binds to PI-containing vesicles, isoform of NINAC p132. NINAC p174 is enriched in the which bind simultaneously to Arr2, facilitating the trafrhabdomeres and is required for termination of the phoficking of Arr2 into the rhabdomeres. Interestingly, there totransduction (Porter et al., 1992 ). However, a role for is an age-dependent accumulation of vesicles in the cell p132 in the photoresponse had not been described, bodies of ninaC ⌬132 (Hicks et al., 1996), which may result which was not surprising given that p132 is detected from the absence of p132-dependent vesicular moveexclusively in the cell bodies and phototransduction ment into the rhabdomeres of these mutant flies. Altakes place in the rhabdomeres. Nevertheless, while though the null allele, ninaC
P235
, displays slow terminaboth NINAC proteins participated in the light-dependent tion of the light response and retinal degeneration, which translocation of Arr2 into the rhabdomeres, we found could indirectly affect Arr2 movement, ninaC ⌬132 flies do that p132 was the primary isoform required. This conclunot undergo retinal degeneration or exhibit defects in sion was further supported by the long-term adaptation activation or termination of the photoresponse (Porter defect in ninaC ⌬132 flies. et al., 1992). While we cannot exclude that changes in Both NINAC isoforms consist of linked protein kinase calmodulin distribution associated with elimination of and myosin domains, either of which might promote p132 (Porter et al., 1992) contribute to the defect in Arr2 Arr2 shuttling. We suggest that the myosin domain functranslocation, several observations support the conclutions in the trafficking of Arr2 as a lysine to arginine sion that p132 functions directly in light-dependent mutation in the protein kinase domain, which eliminates movement of Arr2. These include the findings that p132 enzymatic activity in other protein kinases, had no imassociates with Arr2, the demonstration that this associpact on either Arr2 translocation or long-term adaptaation is dependent on PIs, and our previous report that tion. The relatively rapid movement of Arr2 into the rhab- ) transgenic flies were generated by mutating the sequence (Sigma P2277) was used for the elution instead of SDS-sample encoding lysine 45 to encode an arginine and then assembling the buffer. The proteins in the eluted fraction, which were detected by full-length ninaC genomic sequence for introduction into ninaC
Coomassie staining, were the two NINAC isoforms. However, there null flies as previously described (Porter and Montell, 1993) .
were other calmodulin binding proteins, which were below the level detected by Coomassie staining. Therefore, we referred to the eluted proteins as partially purified NINAC. To perform the GST pull-down Immunolocalizations and Quantitative Analysis The immunostainings were performed on young (Յ2-day-old) flies, assays, the following proteins were purified and bound to glutathione-Sepharose (Amersham) according to the manufacturer's inwhich were dark adapted for 4 hr and subsequently treated with 
